The goal of this study is to test the hypothesis that the resonance of a tip vortex cavity is responsible for high-amplitude broadband pressure-fluctuations, typically between 40 and 70 Hz , for a full scale propeller. This is achieved with a model propeller in a cavitation tunnel. Simultaneous high-speed video shadowgraphy and sound measurements show that a steady tip-vortex cavity behind a propeller in a uniform inflow does not produce significant sound in the relevant range of 0.5-1.2 kHz . The addition of an upstream wake does result in high amplitude sound. It appears that the dominant sound frequency is directly related to the resonance of the tip vortex cavity. A model for the tip-vortex cavity-resonance frequency, using a Proctor vortex model, is able to give an accurate description of the dominant sound frequencies.
Introduction
Cavitation has posed limits in propeller performance ever since sufficient power was available at the shaft. It started out with severe loss of thrust, due to the formation of large pockets of water vapor, where the local pressure dropped below the vapor pressure. Due to extensive research and practical experience this can be avoided by careful propeller design.
The demand for efficient propulsion has led to the acceptance of moderate forms of cavitation on propellers. This requires detailed understanding of the limiting effects of cavitation nuisance. Erosion can occur when vapor volumes violently implode on a propeller or hull surface. This is addressed by altering the overall propeller geometry, as seen on most modern propellers. As the leading edge of the propeller is swept back in the rotation direction, the sheet cavity is transported into the tip vortex, away from the propeller surface.
Large variations in sheet cavity volume are effective sources of high-amplitude pressure-fluctuations related to the blade passage frequency. Although quantitative estimation of the amplitude is still a challenge, there is a clear physical understanding of the mechanisms of this sound source.
The transport of vapor from the propeller surface into the tip vortex has a significant side effect in the frequency content of the pressure fluctuations. The vapor volume oscillation is no longer * Corresponding author.
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solely related to the blade passage frequency, but is also found to occur between the fourth to seventh blade passage harmonics on full-scale ships ( van Wijngaarden et al., 2005 ) . Its source is expected to be related to the tip-vortex cavity-dynamics.
Various studies have tried to model this problem experimentally with a fixed wing model in a cavitation tunnel. These experiments involved the measurement of sound from a steady tip vortex cavity. The scope of the present study excluded cavitation inception. Sound production mechanisms at inception are different from steady vortex cavity oscillations, and the interest is mainly limited to naval applications.
A few typical sources of cavitation sound are studied by Barker (1976) . He mentions that a steady tip vortex cavity does not show the violent collapse of other types of cavitation, and therefore produces less sound. In general, the same was found in a series of other studies on steady cavitating trailing tip vortices ( Higuchi et al., 1989; Briançon-Marjollet and Merle, 1997; Maines and Arndt, 1997; Astolfi et al., 1998 ) .
However, there is a very distinct exception, where the tip vortex cavity oscillates in phase with the sheet cavity attached to the tip. This phenomenon is very sensitive to tunnel conditions and is therefore hard to reproduce. When it occurs the result is highamplitude tonal sound-production ( Maines and Arndt, 1997 ) . The fundamental study of the mechanisms behind this ( Pennings et al., 2015a ) explains that it is a self excitation of a tip-vortex cavityresonance frequency. The excitation has not been clearly identified, but it is expected to be related to a sheet cavity related boundary layer instability.
At full-scale, the ship Queen Elizabeth 2 provides a striking example of broadband pressure fluctuations ( Brubakk and Smogeli, 1988; Raestad, 1996 ) . After extensive model tests, it was found that the problem was related to the tip vortex cavity. A recent review of cavitation related problems is given by van Terwisga et al. (2007) . The starting point of the present study is the work by Bosschers (2009) . He outlines the mechanisms with which vortex cavitation can be responsible for broadband pressure fluctuations, based on the amplitude and phase modulation of a tip-vortex cavityresonance frequency.
The objective of the present study was pursued with a simplified setup of a modern skewed propeller in wake inflow, to show the source of broadband pressure fluctuations. Using the properties of the propeller and tip vortex, the sound source was related to the fundamental mechanisms found on a steady tip vortex cavity from a fixed wing ( Pennings et al., 2015a ) . To determine this relation, the following three steps were defined:
1. Obtain the necessary parameters to model the tip vortex cavity. 2. Show that the broadband pressure fluctuations of propeller cavitation are generated by resonance of the tip vortex cavity. 3. Show that the model for the cavity resonance frequency (dispersion relation for the n = 0 − mode at zero group velocity using a Proctor vortex model) is capable of describing the measured dominant sound frequencies based on a limited number of propeller-related parameters.
In Section 2 the tip-vortex cavity-resonance frequency model is described in more detail including the underlying assumptions followed by a description of the experimental setup in Section 3 . The results in Section 4 are ordered as follows. First, the required model parameters are obtained from measurements in combination with boundary element method calculations. Then, it is demonstrated that the tip-vortex cavity oscillations are responsible for the dominant sound production. Finally, the model frequencies are compared to the sound measurements. This is followed by a discussion on the remaining challenges in Section 5 , and Section 6 summarizes the conclusions.
Tip-vortex cavity-resonance frequency model
A fundamental understanding of the waves on the interface of a tip vortex cavity is required to obtain a resonance frequency. This is described in detail in the study of Pennings et al. (2015a ) . At the basis of this study was a model for the dispersion of waves that was made up of vortex-cavity deformation modes. Some underlying assumptions, which allow for an analytical treatment, are briefly mentioned here. The point of departure for the derivation was a potential flow vortex in a uniform axial flow. To first approximation, the model was shown to be valid for a viscous vortex only for the volume variation mode. The deformation geometry of the deformation modes is depicted in Fig. 1 . The dispersion relations are given by:
where ω is the frequency, W ∞ is the axial velocity, k x is the axial wave number , is the cavity angular velocity , k r is the radial wave number and r c is the cavity radius. H 1 n and H 1 n denote the Hankel function of the first kind and its derivative with respect to r , respectively. There are two solutions for the frequency of each vibration mode as indicated by the plus and minus sign. The sign is also used to identify the mode.
This model is an accurate description of the dispersion relation found experimentally, for the cavitating tip vortex off an elliptical planform wing. It follows from this experiment that a specific With on top the monopole breathing mode ( n = 0 ), in the middle the dipole serpentine centerline displacement mode ( n = 1 ) and on the bottom the quadrupole helical mode ( n = 2 ). point on this dispersion relation consistently coincides with the resonance frequency of tip-vortex cavity oscillations. This occurs when the group velocity ( δω/ δk x ) of the n = 0 − mode is equal to zero. The dispersion relations and resonance criterion are shown in Fig. 2 . The only parameter that was not measured was the cavity angular velocity.
The azimuthal velocity at the interface of a tip vortex cavity was measured with stereo particle image velocimetry ( Pennings et al., 2015b ) . Using these results the tip-vortex cavity-resonance frequency was obtained from the model. The model results in an underestimation of the dominant frequency of cavity diameter oscillations. While the model is qualitatively able to describe the physical phenomenon, it is quantitatively incorrect. The model is derived from a potential flow vortex. In comparison with realistic vortex flow fields the azimuthal velocity near the vortex center is higher. This results in a lower vortex core pressure, and as a result a larger cavity diameter. A larger cavity diameter has a lower resonance frequency. This effect is responsible for the underestimation when compared to experiments. Based on the velocity measurements around vortex cavitation, an alternative correction was proposed.
The resonance frequency model can be closed empirically by using a Proctor vortex model. It has been able to provide a relation between the cavity radii and angular velocities, which has resulted in the correct resonance frequencies. The azimuthal velocity of a Proctor vortex model is given by:
where is the vortex circulation, r is the radial position, β is the vortex roll-up parameter and B is the wing span. To limit the number of model parameters, the Proctor vortex model is only used outside the viscous core of the vortex. The wing span was taken equal to half the propeller diameter. The cavity radius is obtained by numerical integration of the velocity field according to the conservation of radial momentum: dp dr
where p is the local static pressure, r is the radial position with respect to the vortex center, ρ is the water density and u θ is the azimuthal velocity. Eq. (3) is under the assumption of axisymmetry and zero radial velocity. The location where the local pressure becomes equal to vapor pressure defines the cavity radius. The angular velocity of the flow field without cavitation at this location is used as input for the cavity angular velocity. There is no trivial choice for the value of the local tip-vortex circulation. Especially in close proximity to the propeller tip, the tip vortex is still in the process of roll-up. From a fundamental point of view, the roll-up of a vortex sheet from a wing with a large span and elliptical loading distribution is described by Wu et al. (2006) as the Kaden problem. Most of the assumptions of this analysis do not hold for propeller flow. There is not a constant streamwise velocity for the shed vortex sheet in the propeller frame of reference, the radial loading distribution is not elliptical and a propeller blade has a short span.
Due to the rotating frame of reference and the small size of the vortex core, sufficient quality experimental measurements are challenging. Therefore, no experimental data is available for validation of the model values used in the present study. The approach in the present study is to fit the tip-vortex cavity-resonance frequency model to the measured dominant sound frequencies to obtain the parameters for the Proctor vortex model. Then the cavity radius from numerical integration of the Proctor model should be equal to the cavity radius obtained from high-speed video. This check is only meant to verify the consistency of the model.
The number of free parameters is reduced by using the experience on the vortex circulation from an experimental measurement of the flow field of a tip vortex in close proximity to the tip. From Pennings et al. (2015b ) it was found that the radial-mean circulation of a stationary wing at incidence gave a good description of the tip-vortex velocity field. It was proposed in the present study to obtain the radial-mean blade circulation from a boundary element method calculation of the propeller in open water.
The complete model only requires an estimate of the vortex roll-up parameter β, which should be obtained empirically. An overview of the resonance frequency model and the experimental track that led to broadband pressure fluctuations from vortex cavitation is presented in Fig. 3 .
Experimental setup
The experiments were performed in the cavitation tunnel at the Delft University of Technology. The tunnel was described in detail by Foeth (2008) while recent modifications were implemented by Zverkhovskyi (2014) . A new test section was used, which has inlet dimensions of 0.30 m × 0.30 m and outlet dimensions of 0.32 m × 0.30 m . The increase in height was used to facilitate a near-zero streamwise pressure-gradient.
A right-handed model propeller with two blades is mounted on an upstream shaft. The propeller geometry is presented in Fig. 4 . The propeller was provided by the Maritime Research Institute Netherlands (MARIN). It was specifically designed to show tip vortex cavitation with a stable connection to the leading edge sheet cavity.
The application of leading edge roughness is a common procedure on model propellers. This is to ensure a correct development of the leading edge sheet cavity despite the lack of a developed turbulent boundary layer. To minimize the contribution of sheet cavitation to the sound production, no leading edge roughness was applied in the present study.
The experimental setup is presented in Fig. 5 . Propeller thrust and torque were measured on the shaft outside the cavitation tunnel by two single point load cells (Zemic L6D-C3). Empty shaft tests were performed to remove the contributions from the bearing and seal friction torque, and the pressure differential over the shaft seal. The model propeller force sensors were placed outside the tunnel. All tests were performed at a revolution rate of 38 Hz that was limited by the motor torque.
Propeller tests were performed using three inflow conditions: uniform inflow, and two inflow conditions using configurations of a wake generator. In all of the following results, 5 plates were used except for Fig. 17 where the wake consisted of 3 plates. The plates were mounted at 30 °before top dead center (TDC), to be able to capture the tip-vortex cavity dynamics aside from the propeller shaft. The trailing edge of the plates was placed only 10 mm upstream of the propeller hub, to maximize the retarded inflow effect. The streamwise velocity downstream of the wake, in the absence of a propeller, was measured using a pitot tube. The region of lowest axial velocity (wake peak), has an axial velocity of approximately 0.3 times the free stream velocity, as shown in Fig. 6 . This region spanned the entire area downstream of the wake generator.
Essential tunnel conditions were measured using a temperature sensor (PT-100), optical Dissolved Oxygen (DO) sensor (RDO Pro), absolute pressure sensor (Keller PAA 33X) at 10 Hz and differential pressure sensor mounted on the tunnel contraction (Validyne DP 15 with number 36 membrane). Pitot tube reference measurements with an empty shaft were performed to correct the static pressure and water velocity at the location of the propeller.
The outline of the tip vortex cavity was captured by shadowgraphy, using a continuous incandescent light source of 300 W, covered by a roughed plastic diffusing plate, and a high-speed video (HSV) camera (Photron APX-RS). This was run at an acquisition frequency of 15 kHz, that was the same for almost all other sensors. Using a 105 mm objective (AF Micro Nikkor 1:2.8 D) at a f-stop of f /22 and a focal distance of 0.68 m , resulted in an estimated focal depth of 3 cm . The pixel size of the camera is 17 μm with a D ), normalised with the undisturbed upstream axial velocity. The vertical dashed lines outlines the region of the wake plates. At 0.67 R the points at 0 and 10 °are influenced by the mounting bolts of the wake generator, therefore these points are not considered at 0.53 R . At 180 °, the mounting brackets slow down the flow at these radial locations.
cropped image format of 640 × 288 pixels. The pixel size in the object plane was approximately 8 μm.
To accurately determine the cavity diameter, a calibration plate was placed tangent to the estimated tip vortex cavity path at a radius of 71 mm from the shaft. The plane normal at the origin was collinear to the rotation angle of 30 °from top dead center. The plate was also at the same angle with the camera, resulting in perspective effect. The images were transformed to the plane of the calibration plate using the image processing and particle image velocity software, DaVis 8.
A hydrophone (TC4013-4) was mounted to the side window of the cavitation tunnel, in a water filled cup, 5 cm vertically upward from the propeller shaft position, at the streamwise position of the blade tip. The sound signal was conditioned with a charge amplifier (Reson EC6067 -CCA 10 0 0) and filtered and amplified with a Butterworth, 7.5 kHz cut-off low pass filter (Krohn-Hite model 3940). 
Results
The calculation of the resonance frequency, from the model presented in Section 2 , requires the blade circulation and the tipvortex cavity size. The first was obtained by comparing the propeller force measurements to the results of a boundary element method. As the difference in thrust was at most 6%, the radialmean blade circulation is obtained from the computation. The cavity size was obtained from edge detection in the high-speed video images, resulting in the cavity size as function of cavitation number in the presence and absence of a wake inflow. With these input values known, the sound spectrum of steady tip vortex cavitation was compared to wake excited cavitation to isolate the resulting contribution of the excitation. The dominant sound frequency was then compared to the cavity-diameter oscillation-frequency behind the wake, and to the value obtained from the resonance frequency model, to check whether they matched.
Propeller forces
The global properties of the propeller were summarized using essential parameters; the advance ratio J = W ∞ /nD, thrust
2 ) . Where W ∞ was the axial water velocity into the propeller. For both uniform inflow and wake inflow, this is taken as the free stream velocity upstream of the wake generator. The propeller rotation rate was n in Hz and the propeller diameter is D . Fluid properties are density ρ, kinematic viscosity ν and vapor pressure p v . Propeller thrust is T , torque is Q and the chord c was taken at 70% radius c = 50 . 6 mm . Finally p ∞ is the local static pressure at the shaft. For a range of advance ratios, limited by the facility, K T and K Q are given in Fig. 7 for uniform and wake inflow in the cavitation tunnel. Also given is the result from the boundary element method Procal for open water condition. This method was developed and used by the Maritime Research Institute Netherlands (MARIN) and other institutions . Validation studies and details of the mathematical and numerical model can be found in the thesis of Vaz (2005) . Procal is used as a primary design tool for propellers. The results from the boundary element method follow directly from the propeller design at MARIN.
The main difference between the calculations and the measurements is the influence of the tunnel walls. The walls increase the streamwise velocity and result in a reduction of thrust and torque. The blockage effect is strongest for low advance ratios. A common method to account for this difference is to compare cases with equal K T value. Then the K Q value is within 5% of the measurements and that is the typical accuracy for the propeller used in the present study. The thrust is most relevant and is represented more accurately.
In general, the influence of the wake on the global parameters was small, as expected due to the wake generator size. The Taylor wake fraction is estimated to be 0.07 based on the measurements of Fig. 6 . The effect was smaller for smaller advance ratios, due to the decrease in free stream velocity at constant revolution rate.
The boundary element method results showed a good correspondence to the measured propeller properties. Therefore, the output of the method in terms of the blade loading distribution given in Fig. 8 could be used as an estimate of the tip vortex circulation.
There is no general formulation for the relation between the blade loading and the local tip-vortex circulation. The value used in the present study was the radial-mean blade circulation. For various J values this is presented in Fig. 9 . The radial-mean circulation was found to be able to describe the tip vortex flow field within 5.5 chord lengths from the tip of a stationary wing at incidence ( Pennings et al., 2015b ) .
High-speed video
High-speed video recordings of the tip vortex cavity were used for two main purposes. Firstly, as a reference for the model input for the cavity radius. Secondly, to compare the cavity-diameter oscillation behind the wake with the measured dominant sound frequency. This last part is included in Section 4.3 on sound measurements. An overview of three cases with the same conditions is given in Fig. 10 .
Tip-vortex cavity-edge detection was performed using a Canny (1986) algorithm, with a threshold of 0.2 and a filter size of 4.0. This method is based on detection of intensity gradients in an image. It is well suited here because shadowgraphy provides large gradients between the cavity and the background illumination. The cavity diameter was obtained in the entire field of view, next to the wake and for uniform inflow. Behind the wake the increased loading of the blade resulted in strong growth of the cavity, followed by violent collapse. The development of the cavity shape on the propeller blade is presented in Fig. 11 . The cavity shape on the propeller for uniform inflow is presented in Fig. 12 . These indicated that tip vortex cavitation is the dominant form of cavitation present on the propeller.
As seen in the middle image of Fig. 10 , redistribution of vorticity can cause an irregular edge, and also cavity implosions broke up the continuity of the edge. Therefore, only the part between the vertical lines was analysed, during the part of the blade revolution that was excited by the wake. Forty columns were captured during 60 images, resulting in four periods of cavity oscillation. Fig. 13 shows the mean cavity radius and the signal variability. The model line included in the figure was based on a fit of the roll-up parameter β to the sound, as presented in Fig. 19 .
There was little difference between the cavity size under uniform inflow and the size obtained next to the wake. The effect of the narrow wake on the tip-vortex cavity-diameter was essentially confined to the region downstream of the wake generator. The cavity size behind the wake shows a similar trend with larger Fig. 10 . Typical high-speed video images at indicated blade tip positions with respect to top dead center (TDC). In contrast to the sketch in Fig. 5 , in the left image the camera was positioned on the opposite side of the propeller shaft from where the wake plates were placed. Flow is from bottom to top and blade rotation is from right to left. In all images the hubcap could be identified as the black rectangle separated from the propeller by a small gap. The two vertical lines in the middle image indicate the range of cavity diameter registration behind the wake. In the other two views the tip vortex cavity was captured in the whole field of view. The location at 0 mm corresponds to 30 °from TDC. Conditions: J = 0 . 56 , K T = 0 . 18 , 10 K Q = 0 . 27 , Re = 6 . 6 × 10 Fig. 11 . Images of cavitation on the propeller as it passes the wake. The black object in the top right corner is the wake generator (outlined in (a)). Each image is of a separate revolution. Rotation angle intervals are spaced by 10 °. Angular position of the propeller blade with respect to the wake in Fig. 10 was based on the projection of the tip geometry. This was compared to a CAD projection at a known angle. For these images this procedure is not possible. Conditions: J = 0 . 56 , K T = 0 . 18 , 10 K Q = 0 . 28 , Re = 6 . 6 × 10 5 , σn = 5 . 5 and DO = 2 . 3 mg/l . variation in diameter. In general, the mean was larger as the result of the increased vortex strength behind the wake. The model line gave a reasonable match with the cavity size under uniform inflow as a function of the cavitation number.
Tip-vortex cavitation sound
In the preliminary stages of this study the parameter space of the cavitation tunnel was explored. The first criterion that had to be met was to arrive at a moderate propeller Reynolds number. Full-scale propellers operate at significantly higher Reynolds numbers. To limit the scale effects of a large chordwise laminar boundary-layer, the maximum propeller diameter and revolution rate were used. This resulted in a limitation of the minimum advance ratio due to the maximum motor torque. The second criterion was a sufficient cavitation sound production. Only for the minimum advance ratio was sufficiently large range of cavitation numbers available for studying cavitation-related sound. The tunnel pressure could only be reduced, and not increased, relative to atmospheric pressure. Therefore, at the chosen condition a steady tip-vortex cavity was always present at the highest cavitation number. This prevented a comparison to a sound spectrum of fully wetted flow.
From steady tip-vortex cavitation there was no significant sound production above the tunnel background. To study tip vortex cavitation related sound a strong excitation was necessary. This was realised by a non-uniform inflow into the propeller, caused by a narrow wake. Various configurations of upstream wake plates were tested, including the number of plates, the spacing between the plates and the distance from the propeller. This was not performed in a documented parametric study, but by casual observation until significant sound was produced. The final configuration is the one that is described in Fig. 5 .
The change in inflow velocity resulted in a large and rapid loading variation on the propeller blade, while passing the wake peak. As seen in Fig. 10 , behind the wake the tip-vortex cavity grows strongly. This interaction between the wake and tip vortex cavity produces a high amplitude sound. A comparison of sound production was made in Fig. 14 between steady tip-vortex cavitation in a uniform flow and wake-excited tip-vortex cavitation.
There was a 30 dB broadband increase in sound between 0.8 and 1.1 kHz that corresponds to the 10th and 14th blade passage frequency, respectively. The blade passage frequency is the propeller rotation rate multiplied with the number of blades. It was easily audible by an observer next to the test section. The dominant frequency of this sound decreased when the tunnel pressure was reduced. Reducing the pressure results in growth of the tipvortex cavity size. Once every revolution at a fixed blade angle an index pulse was registered. This provides the opportunity to study the evolution of the sound amplitude as a function of blade angle. The result is given in Fig. 15 .
The horizontal lines contain the sound amplitude in time for several individual blade revolutions. Two vertical reference lines denote the location of TDC of the blade tip. At this location the blade tip has passed the wake, which was at 30 °before TDC. The dominant source of sound manifests itself when the blade was well past the wake peak. It was also present during a significant portion of the blade revolution. For comparison, the sound amplitude for steady tip-vortex cavitation in uniform inflow is presented in Fig. 16 . The dominant frequency could be directly related to the highest amplitude frequency of 925 Hz in Fig. 14 . Fig. 15 is also a very clear demonstration of all the elements described by Bosschers (2009) , that are responsible for a broadband sound contribution. Amplitude and phase modulation of a tonal signal results in a smearingout of spectral content in the frequency domain.
The dominant sound was not related to a cavity growth or implosion close to the propeller tip. These are often found at a frequency an order of magnitude lower around the blade passage frequency of 76 Hz . To rule out the potential sound production of the wake generator, a similar result as from Fig. 15 is given in Fig. 17 for a wake with a smaller number of plates at a higher advance ratio of the propeller.
The lighter loading of the propeller blade, and the smaller excitation due to the wake, resulted in very intermittent behavior. There was a clear difference between the two blades. One produces significantly more sound than the other. Between revolution number 50 and 60 the sound amplitude was low for both blades. In the high-speed video these revolutions showed that there is no sign of any tip vortex cavitation. The excitation of the tip vortex cavity sometimes resulted in breaking up of the vapor volume. If in the next blade passage cavitation inception did not take place, there was no tip vortex cavity to be excited by the wake. This also shows that there is no significant sound produced by the interaction of the propeller with the wake without cavitation. The sound source was found from a comparison of the dominant sound frequency with the visual observations of the tipvortex cavity-oscillations with high-speed video. These are then related to the tip-vortex cavity-resonance frequency model described in Section 2 . First, the sound time trace of each individual blade is analysed separately. It is assumed that under the influence of the upstream wake, the blade downstream of the wake is dominant in the measured sound. The sound amplitude produced by the steady tip-vortex cavity on the other blade is an order of magnitude lower (see Fig. 15 and Fig. 16 ). As the main focus was the dominant frequency, there was no need for a detailed spectrum. A very robust estimation of the dominant frequency component was obtained by using an autocorrelation of the individual sound time trace. The result was an autocorrelation function that had the highest negative correlation peak at a shift of half the dominant period. A cosine was fit through this half period to obtain the dominant sound frequency.
A similar approach was used on the high-speed video results of the tip-vortex cavity-diameter oscillations behind the wake. In contrast to the larger number of periods available in the sound signal, the excited diameter oscillations were only available for four periods. The estimation of the dominant frequency was therefore less accurate. An example of this procedure is presented in Fig. 18 . It was only applied for cavitation numbers where the cavity was not broken up during the wake excitation. Both results are presented in Fig. 19 .
The trend of the dominant sound frequency with cavitation number was also observed from the audible sound during experiments. With smaller cavitation number the tip-vortex cavity size increases, decreasing the dominant sound frequency. At a cavitation number of 3 the signal variability increases. This was an indication that there was no longer a clear dominant component present in the sound. The cavitation pattern at σ n = 3 is dominated by large scale shedding from the leading edge sheet on the propeller blade. There is no consistent cavity volume that can hold a resonance frequency. The frequencies found from the high-speed video observations on the tip vortex cavity oscillations show the same trend as the dominant sound frequencies. The larger variability overlaps with the sound frequencies, but in general the mean was lower.
The results indicate the tip vortex cavity as the source of the dominant component in the sound. However, observations were limited in position extent by the available field of view. The slightly lower mean frequency values indicated that it was more likely that a part of the tip vortex cavity with smaller mean diameter was responsible for the sound production at its resonance frequency. The wake excitation was transmitted downstream to the part of the tip vortex cavity that was no longer directly affected by the wake. This was in line with the results of Fig. 15 , were the tonal signal persists for more than 100 °, while the cavity in the wake peak is broken up.
In Fig. 19 , the line represents the computed tip-vortex cavity-resonance frequency based on a Proctor vortex model.
The β parameter in this model was the only unknown. where values of 13-18 were found for on a stationary wing with similar loading and similar streamwise location of the tip vortex cavity.
The cavity radius used for the computation of the cavity resonance frequency was also based on the Proctor vortex model. The β value is the result of a fit of the Proctor vortex model to the dominant sound frequency in Fig. 19 . Although the cavity radii were directly measured they were not used in Fig. 19 . The result of the Proctor model fit in terms of cavity radius can be compared to the measured cavity radii in Fig. 13 . This shows that the representative cavity size that results in the correct dominant sound frequency is the cavity size in uniform inflow. A similar result was found by Bosschers (2009) . He found a correlation between the dominant sound frequencies and the minimum radius of a tip vortex cavity during oscillation.
Discussion
This study has analysed the mechanisms of emission of broadband pressure fluctuation by the cavitating tip vortex from a propeller. The majority of propellers on full-scale have 4 or 5 blades. The frequency range where broadband pressure fluctuations are found is between the fourth and seventh blade passage frequency ( van Wijngaarden et al., 2005 ) . A propeller with two blades is used in the present study to minimise the interaction between the tip vortices from multiple blades. The frequency range of broadband pressure fluctuations is found between the 10th and 14th blade passage frequency. If the number of blades is removed from the comparison the frequency range is the same. When considering the tip-vortex cavity-resonance frequency as the physical mechanism for sound production, it follows that there is not a direct relation with the blade passage frequency. The specific combination of blade loading and cavity size, on full-scale propellers, only indirectly results in this common frequency range for broadband sound.
The wake field used was not a realistic representation of the flow field behind a ship hull. It was used here to serve the purpose of exciting the tip vortex cavity with sufficient amplitude over a broad frequency spectrum. Although not representative for a ships wake distribution, it is considered to be a good conceptual representation of the problem of broadband hull-pressure fluctuations on ships. In the setup, it was possible to separate the two stages of excitation. The loading increase by the upstream wake generates an enlarged cavity close to the tip. The implosion of this cavity is the phenomenon that provides energy for the tip-vortex cavityresonance. The match between the time scale of cavity implosion, and the resonance frequency of the tip-vortex cavity next to the wake, could determine the energy transfer and the resulting time the dominant sound persists. The dynamics of the tip/leading edge sheet do not dominate the sound spectrum and the tip vortex cavity can be studied in detail by high-speed video. The link between cavitation observations and sound measurements is essential in the effort to understand the sound source mechanisms.
No general model for the local tip-vortex strength and the resulting cavity size exists for any propeller in an arbitrary wake field. The Proctor vortex model for a vortex without cavitation was used successfully in this study as a first approximation. As no validation data was available, only the consistency of this empirical vortex model was confirmed. The maximum blade circulation was also evaluated as an alternative for the radial-mean blade circulation. The result in terms of fit quality to the dominant sound frequencies and cavity size was the same, for a lower value of β.
It would be useful to obtain a better model for the flow field of a tip vortex without cavitation. This could then be used as input for the detailed description of the broadband pressure fluctuations, which has to also include the amplitude and bandwidth (this is addressed by Johan Bosschers at MARIN Bosschers (2009) ).
Conclusion
Good agreement of the measured propeller forces with the results from the boundary element method Procal was found. Therefore, the radial-mean blade circulation from the calculation was taken as a representative value for the tip vortex circulation ( Pennings et al., 2015b ) .
The cavity radius with respect to the cavitation number at the tip was obtained with high-speed video shadowgraphy. The part of the vortex cavity outside the wake of the wake generator had the same size as the vortex cavity in a corresponding uniform inflow. The section of the tip vortex cavity directly behind the wake was significantly larger. The Proctor vortex model, using the radialmean blade circulation, β = 14 and a wing span equal to 1 2 D, gave a good description of the tip-vortex cavity-size in uniform inflow.
A steady tip vortex cavity in a uniform inflow, did not produce significant amplitude sound. The addition of a wake generator upstream resulted in a broadband sound up to 30 dB above the uniform inflow reference. The sound source was strongest when the propeller blade tip was at least 60 °past the wake generator ( Fig. 15 ) . This corresponds to a blade angle when the cavity implosions and rebounds close to the blade are finished. Dependent on the cavitation number, the source could persist for 100 °of blade rotation.
The dominant frequency obtained from the sound correlated strongly with that of the cavity diameter oscillations. The tipvortex cavity-size in uniform inflow or the cavity size in the region not downstream of the wake generator was related to the dominant sound source. The location of this source was expected to lie downstream of the field of view behind the wake.
The Proctor model, through the β parameter, was fitted to the dominant sound frequencies. After fitting, the resulting trend agrees very well with the trend of frequency with cavitation number. The vortex properties used, correspond to those of a tip-vortex cavity-size in uniform inflow. The value that was obtained from the fit ( β = 14 ) was in line with those found by Pennings et al. (2015b ) .
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